Background--Cardiac resynchronization therapy results in improved ejection fraction in patients with heart failure. We sought to determine whether these effects were mediated by changes in contractility, afterload, or volumes.
C ardiac resynchronization therapy (CRT) has altered the management of chronic systolic heart failure (HF), significantly reducing cardiovascular morbidity and mortality. The effects of CRT on measures of cardiac function, such as left ventricular ejection fraction (LVEF), are widely established. 1, 2 Nonetheless, the question of how CRT affects the physiological and structural components of LVEF, such as chamber contractility, afterload, and size, particularly in New York Heart Association (NYHA) class I/II HF, remains incompletely understood. Noninvasive estimations of these parameters can be derived to gain insight into the effects of CRT on cardiac mechanics. Left ventricular (LV) end-systolic elastance (Ees), the slope of the end-systolic pressure volume relationship (ESPVR), quantifies ventricular stiffening at end-systole and provides some information regarding contractile function ( Figure 1 ). The volume intercept (V 0 ) of the ESPVR is a measure of the ventricular volume at a theoretical systolic pressure of 0 mm Hg and further defines the state of the left ventricle in the pressure-volume plane. Ees can be related to effective arterial elastance (Ea), an index of resistive arterial load, and the Ea/Ees ratio provides insight into ventriculararterial coupling and cardiac efficiency. 3, 4 Additional loaddependent and independent measures indicative of contractility, such as stroke work (SW) and the slope of the relationship between LV stroke volume and end-diastolic volume, termed preload recruitable stroke work (PRSW), can also be derived to gain insight into LV contractility. How these measures of contractile function, afterload, and LV volumes change with CRT in persons with NYHA class I/II HF remains largely unknown.
We performed a comprehensive evaluation of echocardiography-derived measures of LV function (single beat-derived Ees [Ees sb ], V 0 , SW, PRSW), arterial load (Ea) and ventriculararterial coupling (Ea/Ees sb ), and chamber size (V 0 , endsystolic and end-diastolic volumes) in a large randomized trial of CRT in patients with NYHA class I/II HF. A secondary objective of this study was to determine whether any of these measures could be used to identify patients who experienced improved clinical outcomes with CRT.
Methods Study Design
The Resynchronization Reverses Remodeling in Systolic Left Ventricular Dysfunction (REVERSE) study was a prospective, double-blind, randomized controlled trial of CRT in patients with NYHA class I/II HF. 2, [5] [6] [7] All patients were in sinus rhythm with QRS duration ≥120 ms, LVEF ≤40%, and LV end-diastolic dimension ≥55 mm. Detailed patient inclusion and exclusion criteria have been published previously. 2, 5 All patients were receiving optimal medical HF therapy that included stable doses of an angiotensin-converting enzyme inhibitor or angiotensin II receptor blocker for at least 1 month and a b-adrenergic receptor blocker for at least 3 months. The ethics committee at each investigator site approved the protocol, and all patients gave written informed consent. After baseline evaluation, patients underwent implantation of a CRT device with or without an implantable cardiac defibrillator and then were randomly assigned in a 2:1 model to the active (CRT ON) or control (CRT OFF) group. Device programming has been described previously in detail and was performed according to the patients' randomization assignments. All CRT OFF patients were reprogrammed to have CRT turned on at 12 months in North America and at 24 months in Europe, and all patients were followed for a total of 5 years. Echocardiograms were regularly performed at standardized intervals throughout the study duration.
Assessment of LV Remodeling
For the purposes of this echocardiographic study, we focused on echocardiograms obtained at baseline and at 6 and 12 months to evaluate the impact of CRT on early changes in these parameters. Echocardiograms were analyzed in a core laboratory that was blinded to the randomization assignment. LV dimensions were recorded with 2-dimensional directed Mmode echocardiography at the tips of the mitral valve leaflets. Echocardiograms were digitized to obtain LV end-diastolic volume (LVEDV) and LV end-systolic volume (LVESV) by Simpson's method of discs, as recommended by the American Society of Echocardiography, from which LVEF was calculated. 8 LV mass was calculated at end diastole as: (5/ 69LV short-axis myocardial area at the midlevel9LV length9 1.055). 8 Overall, <7% of echocardiograms were unanalyzable secondary to image quality, which is similar to or improved from what has been reported in the literature from our other cohort studies. 9, 10 Missing echocardiography data were not secondary to mortality or follow-up status but were secondary to lack of analyzability from image quality.
Assessment of LV Contractile Function and Ventricular-Arterial Interaction
End systolic pressure (ESP) was estimated as 0.909systolic pressure, obtained by manual blood pressure cuff measurement. 11 Blood pressure was recorded on the day of the echocardiogram at baseline and at 6 and 12 months. Stroke volume (SV) was measured from the difference between the LVEDV and LVESV. Effectiveness (Ea) was defined as the ratio of ESP/SV. Ees was determined using a modified single-beat algorithm described by Chen et al using arm-cuff pressures, echo-derived Doppler stroke volumes, and several timing intervals (isovolumic contraction time, total systolic period) and is denoted as Ees sb . 11 Ventricular-arterial coupling was estimated by the Ea/Ees sb ratio. Additional indices of the ESPVR and LV size, V 0 , were also estimated from Ees sb , endsystolic volume, and ESP. Stroke work (SW) was derived as mean arterial blood pressure multiplied by SV 12 and was also indexed to enddiastolic volume (SW/LVEDV). The slope of the PRSW relationship 13 was derived according to the single-beat estimation method, assuming a constant (k) of 0.7, and incorporating volumes, SW, and LV mass.
Clinical Outcomes
The primary clinical end point of the REVERSE study was the HF clinical composite score (CCS), which was categorized as worsened, unchanged, or improved. 2, 5 Patients were judged to have worsened if they died or were hospitalized due to or associated with worsening HF, crossed over or permanently discontinued double-blind treatment due to worsening HF, or demonstrated worsening in NYHA class or moderately marked worsening of patient global assessment.
Patients were judged to be improved if they had not worsened and demonstrated improvement in NYHA class and/or moderately marked improvement in patient global assessment. Patients who were not worsened or improved were classified as unchanged. For this study, we examined this primary end point as well as death and HF-related hospitalizations over a period from baseline to the end of randomization (12 months in North America and 24 months in Europe).
Statistical Methods
All randomized subjects with available echocardiographic values were included in the analyses. Differences in changes in echocardiographic parameters over 6 and 12 months were evaluated using 2-sample t tests. If paired values were reported, only patients with values at both time points for each echocardiography measure were included. An ordered (improved, unchanged, worsened) logistic regression model was used to assess the relationship between baseline measurements of echocardiographic parameters and the CCS at 12 months after randomization, with the effect modification of CRT tested by an interaction term of randomization (CRT ON or CRT OFF) and the variable of interest. Cox proportional hazard models were used to analyze the association between echocardiographic measures obtained at baseline versus time to death and time to first HF hospitalization or all-cause death during the randomization period (12 months in North America and 24 months in Europe), with the effect modification of CRT tested by an interaction term of randomization (CRT ON or CRT OFF) and the variable of interest. Cox proportional hazard models were also used to compare the change in echo parameters from baseline to 6 months versus time to death over the subsequent 4.5 years of follow-up. In these models, echocardiographic variables were examined individually with unadjusted associations reported. All analyses were performed using SAS version 9.2 (SAS Institute).
Results

Patient Characteristics
Baseline characteristics of the study population are detailed in Table 1 . In this NYHA class I/II HF cohort of 610 participants (419 CRT ON and 191 CRT OFF), patients were predominantly male and white, and the vast majority were treated with a standard regimen of angiotensin-converting enzyme inhibitors, angiotensin II receptor blockers, and beta blockers. The mean LVEF at baseline was 27.0AE6.6%. Slightly more than half of the patient population had an ischemic etiology of HF. There were 368 patients with a left bundle-branch block. , Ees sb as 2.10AE0.67 mm Hg/mL, Ea/Ees sb as 0.69AE0.15, and V 0 as À9AE17 mL. 12 Specifically, Ea, Ea/Ees sb , and V 0 were substantially greater in the HF population, whereas Ees sb , SW, and PRSW were markedly lower. At 6 months, there were no significant changes in Ees sb , Ea, Ea/Ees sb , or SW compared with baseline levels in either the CRT ON or CRT OFF groups (Table 2 ). In the CRT ON group, the mean change in Ea was 0.03AE0.70 mm Hg/mL and Ees sb was 0.06AE0.46 mm Hg/mL, which was not significantly different from the mean changes in the CRT OFF group (P=0.49 and P=0.15, respectively). There was also no change in Ea/Ees sb during the first 6 months of CRT in either group (P=0.87). Modest changes in PRSW were observed, from 40.3 to 43.7 g/cm 2 . In contrast, V 0 , LVEDV, and LVESV all significantly changed over time (Figure 2 ), on the order of À22 to À29 mL, which represented a 10% to 14% relative change in the CRT Figure 2 ). The most robust and sustained changes were again observed in V 0 , LVEDV, and LVESV (all P<0.0001) and were on the order of a 13% to 76% relative change. There were also changes in Ees sb of borderline significance, on the order of 5.8% (P=0.052). These data suggest that CRT results in the most substantive changes in measures indicative of LV size, primarily reflected by volumetric measures: V 0 , LVEDV, and LVESV. There were no significant changes in afterload, as assessed by Ea, or ventricular-arterial coupling, as assessed by Ea/Ees sb .
Association Between Baseline Cardiovascular Structure and Function and Outcomes
Over a follow-up time of 12 months, 107 patients worsened their CCS. Only baseline Ea levels were significantly associated with the CCS, and those were in the CRT ON group only. For each SD increase in Ea, there were 30% increased odds of an improved clinical outcome (P=0.02) (Table 4) ; however, there was no significant interaction between any of the baseline echocardiographic measures and CRT on clinical outcomes (all P>0.05). Parameters of LV function, remodeling, chamber stiffness, and ventricular-arterial coupling measured at baseline did not appear to influence the effect of CRT on overall HF clinical status, as defined by CCS.
We further evaluated the relationship between baseline echocardiographic measures and clinical outcomes by examining both mortality alone and the combined outcome of mortality and HF hospitalizations across the entire study population. There were 19 deaths and 64 participants with HF hospitalization or death from the beginning to the end of randomization, which was a period of 12 months in North America and 24 months in Europe. Within the CRT ON group, of all parameters, V 0 was modestly associated with mortality and with the combined end point of mortality or HF hospitalizations (hazard ratio [HR] 1.90, 95% CI 1.01 to 3.59, P=0.047, and HR 1.48, 95% CI 0.98 to 2.25, P=0.06, respectively, for each SD increase) ( Table 5 and Figure 3) . Interestingly, V 0 was also associated with the combined end point of mortality or HF hospitalizations in the CRT OFF group (HR 1.49, 95% CI 1.06 to 2.08, P=0.02). The association between LVESV and mortality alone and with the combined end point of mortality or HF hospitalizations in the CRT ON population trended toward significance (HR 1.49, 95% CI 0.89 to 2.48, P=0.13, and HR 1.37, 95% 1.00 to 1.88, P=0.05, respectively). There was no interaction by CRT on the associations between echocardiographic parameters and clinical outcomes, suggesting that these measures did not differ between the CRT ON and CRT OFF groups (all P>0.05).
Discussion
In this population of 610 NYHA class I/II HF patients randomized to CRT ON versus CRT OFF, we derived detailed quantitative echocardiographic measures of contractile function, total arterial load, ventricular-arterial coupling, and LV remodeling. We determined that the primary and most increased risk of mortality, suggesting potential utility as a prognostic measure in HF. As such, no substantive or consistent changes were observed in Ea or Ea/Ees sb in the CRT ON population compared with CRT OFF over a 6-or 12-month period. There were modest changes in PRSW at 6 months (P=0.03) and Ees sb at 12 months (P=0.052), which may be indicative of some effects of CRT on these measures of contractility; however, these parameters were also not uniformly associated with clinical outcomes. Only baseline Ea was associated with the primary study outcome measure, CCS. These findings support the hypothesis that the clinical benefits observed with CRT and the improvements in LVEF are likely less secondary to changes in load or ventricular-arterial coupling and more related to changes in V 0 , LVESV, and LVEDV. Our findings provide human data to support initial important observations in animals from the 1980s on the effects of LV pacing on measures such as V 0 . 14, 15 Previously published small human studies of 78 HF participants and a mean NYHA class of III reported significant differences in Ea, Ees sb , and Ea/Ees sb over 1 year with CRT therapy 16 ; however, these patients had more advanced HF, as reflected by higher Ees, lower LVEF, and worse Ea/Ees sb . In contrast, the REVERSE population consisted of patients with mild HF and less severe abnormalities in baseline levels of Ea/Ees sb . Of note, a large proportion of patients were also treated with optimal medical therapy including angiotensinconverting enzyme inhibitors, angiotensin II receptor blockers, and beta blockers. We did not observe significant changes in Ea/Ees sb with CRT or association with clinical outcomes, and this is potentially related to the lesser severity of disease. Another smaller study of 25 participants with NYHA class III and IV HF suggested that changes in Ea, Ees sb and Ea/Ees sb occurred early with CRT, on the order of 23AE12 days. 17 These participants tended to have dramatic alterations in LVEF, from 28% to 42%. We hypothesize that these discrepancies between prior published studies and our present results are secondary to differences in disease severity, heterogeneity of CRT response, duration of follow-up, and sample size. Indeed, larger studies evaluating additional noninvasive measures of contractile function, such as global longitudinal strain, corroborate the importance of functional changes in NYHA class I/II HF and CRT. 18 The lack of association of Ees sb with outcomes is not inconsistent with prior human studies in chronic HF. 10 Although we cannot entirely exclude measurement error accounting for the lack of more substantive change in Ees sb , we feel this is less likely, given that our calculated methods were derived using an algorithm that was verified using comparisons with invasive analyses. 11 In addition, as revealed in patients with HF with preserved ejection fraction, normal Ees sb can exist despite abnormal systolic and diastolic function. Moreover, and most important, Ees sb alone is not a comprehensive measure of LV function in the pressurevolume plane. Fully describing the contractile state of the ventricle requires specification of both the slope (Ees) and the intercept (V 0 ) of the ESPVR, and they have been noted in seminal papers as important descriptors of LV function. 14, 15 We detected an association between V 0 and prognosis in patients with mild HF. Interestingly, V 0 was only weakly correlated with LVESV (R=0.38 to 0.45) and LVEDV (R=0.21 to 0.31). Finally, it can be challenging to distinctly separate contractility from remodeling, particularly in the setting of HF with reduced ejection fraction, and a single measure alone to assess contractility is likely inadequate. This study should be interpreted in light of certain limitations. These measures of chamber mechanics are derived, and not specifically in the CRT population, although they have been well validated across a broad variety of cardiac remodeling phenotypes. 10, 19 We were also unable to derive measures of end-systolic wall stress or strain, which would have provided additional insight into stress-strain relationships and cardiac function. Furthermore, we were unable to report long-term data on changes in specific echocardiographic measures, given lack of blood pressure recording after 1 year. Given trial design, we focused on short-term outcomes, in the time period of 12 to 24 months, and it may be that the significance of these findings is greater in the long term. Reflecting the mild disease state of our describing the relationship between V 0 and time to first heart failure hospitalization or death in CRT ON alone. V 0 expressed as quartiles. Q1 represents V 0 <À1.5 mL, Q2 represents À1.5 to 38 ml, Q3 represents 38 to 80.5 mL, and Q4 represents >80.5 mL.
CRT indicates cardiac resynchronization therapy; CRT ON, active group; HF, heart failure; Q, quartile; V 0 , volume intercept.
patients, our event rate was relatively low, which reduced our power to detect significant associations. We also note that data were missing for some of our echocardiography measures, primarily due to technical limitations in analyzability secondary to image quality.
In conclusion, in a population of NYHA class I/II HF patients, CRT primarily affected measures of LV volumes and less so measures of chamber or arterial stiffness or ventricular-arterial coupling. Volumetric measures were modestly associated with clinical outcomes. These findings suggest that with further study, noninvasive assessment of V 0 could be used as an additional parameter to gain insight into the effects of CRT.
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